Abstract. The analysis of the electro-physical processes in the discharge circuit of the lasers based on the self-terminating transitions of metal atoms (LSTM) and the electrodes placed in the cold buffer zones of the gas discharge tube (GDT) is occurred. That design of the GDT can provide the efficient lasing at the reduction of the current flowing through the switch to zero after the charging of the capacitive components of the circuit from the storage capacitor. Under the circumstances the pumping of the active medium is determined by the energy input from the peaking capacitor and, consequently, the efficiency of the pumping can be increased by an order of magnitude, if (using a managed switch) the energy input into the active medium from the storage capacitor is "cut-off" after charging the capacitive components of the circuit. It was shown that the efficiency values of ~ 9-11 % and of ~ 5-6 % for the copper and gold vapor, lasers could be achieved.
Introduction
The lasers based on the self-terminating transitions of metal atoms (LSTM) are one of the most efficient coherent lasing sources in the visible spectrum among gas lasers and the predicted copper vapor laser efficiency is ~ 10 % [1] , this is by an order of magnitude more than the achieved practical efficiency by now [2] [3] [4] . The highest value of the efficiency of the pumping of ~ 9 % of copper vapor laser operating in the energy input cut-off mode (the energy input into the active medium was excluded after a laser pulse) was achieved [5, 6] . It can be explained by the fact that sharp-front pulses, which duration is equal to the lifetime of the population inversion of the operating levels in the active medium [1] , should pump the LSTM. Due to the fact, that the duration of a pump pulse is higher than the lifetime of the population inversion of the operating levels in the active medium [2] [3] [4] , the energy input cut-off after a lasing pulse is the obvious way to increase the efficiency of the pumping of the LSTM.
In the experimental researches [5, 6] the managed switch consisting of the thyratron TGI1-270/12 and the tacitron TGU1-27/7 was used, what helped to realize the energy input cut-off mode at the circuit current of 27 A. According to the experimental researches [5, 6] , the circuit current at the end of a laser pulse was higher than the mentioned value. Therefore, the tacitron should be close before the end of a laser pulse to realize the energy input cut-off mode. In this case, the duration of tacitron being open is equal to the thyratron jitter, that determines unstable operating, which was not observe during the experiments with the laser operating in the energy input cut-off mode. It is obvious that the modulation lamps GMI-29 [3] is the ideal switches for the lasers operating in the energy input cut-off mode. However, the efficiency of the pumping of the active medium of the LSTM with the modulation lamps that is equal to the value from [5, 6] was not realized. Thus, there are the several unanswered questions that limit using the energy input cut-off mode for the creating of the efficient sources of coherent light.
The purpose of the present work is the research of the electro-physical processes, in the discharge circuit of the laser, which determine the possibility of operating in the energy input cut-off mode.
The electro-physical processes in the discharge circuit
The population inversion of the LSTM is determined by the difference between the excitation rate of the upper and the lower operating laser levels by electron collisions during the non-equilibrium period of the plasma. The excitation rate constants of the laser levels of the LSTM are determined by the electron temperature, which depends on the voltage change on the active components of the active medium impedance [3] . Thus, the electro-physical processes in the discharge circuit of the LSTM determine the kinetic of the processes in the active medium. According to the electrical circuit theory, there are need to be created an equivalent circuit for the analysis of the electro-physical processes in the discharge circuit. The high pre-pulse concentration of electrons (ne ~ 10 13 cm -3
) in the active medium of the LSTM is typical. Thus, as suggested the gas discharge in the active medium occurs without the electrical breakdown and the equivalent circuit is the simple oscillatory circuit [3] . However, this equivalent circuit cannot explain the observed experimental dependencies, particularly the realizing of the efficient pumping of the active medium of the LSTM operating in the energy input cut-off mode [5, 6] .
The presented in [7] equivalent circuit of the lasers based on the electrodes placed in the cold buffer zones of the gas discharge tube is more suitable for the explanation of the electro-physical processes in the discharge circuit. The mentioned design of the GDT is traditional for research and development of the LSTM [2] [3] [4] . In [5, 6] was studied the similar laser operating in the energy input cut-off mode. The pumping of the active medium occurs in two stages [7, 8] . At the first (preparatory) stage, the charging of the capacitive components of the discharge circuit (peaking capacity C0 and GDT's own capacity CGDT) by the energy stored in the storage capacity C occurs. There are two modes of the charging of the capacitive components of the discharge circuit [7] , which determine the population inversion, and these modes can be called -the modes of the "increased" and the "decreased" energy input. The existence of the two charge modes is determined by isolating the active medium, which geometric dimensions are govern by the heat-insulated discharge channel, from the electrodes by the cold buffer zones, in which there are no metal vapors. The charge neutralization during an inter-pulse period in the GDT, which has the mention design, occurs by the process of the three-particle recombination in the active medium and by the process of the dissociative recombination in the buffer zones [9] . Since the dissociative recombination rate is higher than the three-particle recombination rate [9] , the charging of the capacitive components could occur at the total or partial recombination in the cold buffer zones. The mode change (from the "decreased" to the "increased" energy input) occurs with the increasing of the storage capacitor voltage [7] when the charging of the capacitive components (at the preparatory stage) of the discharge circuit from the storage capacitor at the partial recombination in the cold buffer zones occurs [7, 8] . Due to the increasing of the storage capacitor voltage results in the increasing of the energy output and the practical efficiency of the LSTM (relatively to the storage capacitor energy) [7] , all research studied only the "increased" energy input mode and the "decreased" energy input mode was not studied.
The "decreased" energy input mode can be realized at the total recombination in the cold buffer zones and the decreasing of the current flowing through the switch to zero after the charging of the capacitive components from the storage capacitor, i.e. if the GTD voltage is equal to the breakdown voltage on the anode-side cold buffer zone of the GDT. After charging CGDT during the breakdown process, according to [7, 8] , the electric potential difference on the active medium occurs and (at the second stage) the pumping will be occurred during discharging C and C0. The edge condition of the start of the pumping of the active medium is I1 = 0 and I2 = 0, where I1 and I2 -the circuit current related to C and C0. Under these conditions the pumping of the active medium must be determined by the energy input from C0, since the capacity value of the storage capacitor, ordinarily, is higher by an order of magnitude than the capacity value of C0. That means that the efficiency of the pumping can be magnified by an order, if the switch like the tacitron excludes the energy input from the storage capacity into the active medium.
The results of the experimental research and the discussion
The research results of the electro-physical processes in the discharge circuit of the copper and gold vapor lasers illustrate all of the above. The experimental equipment circuit is presented in Figure 1 . The research was occurred with the heat-insulated GDT of the copper vapor laser at the pressure of the buffer gas (Ne) of ~ 80 Torr. The GDT discharge channel is made of the BeO-ceramics tube which the inner diameter of 8 mm and the length of 30 cm. The capacitors KVI-3 was used as the storage and the peaking capacitors (С = 2200 pF and С0 = 330 pF). The oscilloscope "Tektronix DPO-4034B" controlled the current and the voltage pulses. The average laser power was measured by the power meter "OPHIR-NOVA". The parameters (Figure 2 ) at the pulse repetition rate (PRR) of 10 kHz, the power consumption from the high-voltage rectifier of ~ 350 W and the voltage Ur of ~ 2.5 kV, the average laser power of ~ 300 mW at the normal operating are presented. The pulses of the current flowing through the points (3.1), (3.2) and (3.3) (Figure 1 ) was measured by the same current sensor "Textronix" to exclude the measuring errors. The peak voltage on the storage capacitor of UC = 2Ur ~ 5 kV under the said conditions of the pumping, i.e. at the matching mode of the electricity source with the electricity consumer, that did not allow to increase the voltage on the storage capacitor above 5 kV because work of the thyratron is unsustainable. The typical CVL oscillograms of the pulses of the current flowing through the GDT 1, the voltage on GDT 2 and the lasing 3, are presented. In addition the oscillograms of the current 4 flowing through the thyratron during the discharge process of the storage capacitor and the (inverted) current 5 of the charging (5.1) and discharging (5.2) of C0 are given. The current 4 flowing through the thyratron consists of two parts 4.1 and 4.2, where the first is the current of the charging of C0 at the preparatory stage, the second is the current of the discharging of the storage capacitor at the pumping of the active medium. The identity of the pulses of the current 4.1 and 5.1 is the confirmation of the aforesaid. The invert oscillograms of the current 5 are presented (Figure 2 ) to demonstrate that the pulses 4.1 and 5.1 are identical. (2) on GDT, the lasing (3), the current flowing through the thyratron (4) and the current (5) of the charging and the discharging of C0. Where 4.1 is the current of the charging C0 at the preparatory stage from the storage capacitor and 4.2 is the current of the discharging of the storage capacitor at the pumping, 5.1 is the current of the charging C0 at the preparatory stage and 5.2 is the current of the discharging C0 at the pumping.
The lasing (Figure 2 ) occurs during the discharging of C0, and the energy input into the active medium from the storage capacitor occurs after the laser pulse and, accordingly, does not contribute in the population inversion generation. Thus at the excluding of the energy input into the active medium after the laser pulse in [5, 6] the changing of the position and the forms of the laser pulse did not occur. As follows from the presented results the excluding of the energy input into the active medium [5, 6] occurs before the laser pulse, i.e. after charging C0, when the current flowing through the switch decreases to zero, that allows to close the tacitron.
The value of C0, according to oscillograms (Figure 2 ), is ~ 500 pF. The similar value of C0 ~ 500 pF can be calculated, according to the law of conservation of charge, under the mentioned conditions of the pumping, that less than the nominal value of C0 ~ 330 pF on 170 pF, and is determined by the value of the capacity of the conductive bus, that connected in parallel to C0 ~ 330 pF. The efficiency of the laser relatively to the using energy from the rectifier under the mentioned conditions of the pumping is ηr ~ 0.09%; relatively to the energy stored in the storage, capacitor is ηС ~ 0.11% and relatively to the energy stored in C0 is η ~ 0.75%. These results confirm that the energy input cut-off mode results in the increasing of the efficiency of the pumping of the LSTM by an order of magnitude. Nevertheless, the obtained efficiency (η ~ 0.75%) is less by an order of magnitude than the mentioned (η ~ 9%) in [5] . The differences between the efficiency results are determined by the non-optimal value of the C0 ~ 500 pF. To prove it purpose the GDT was connect to the storage capacitor and the shunt inductance (Figure 1 ) by the coaxial 2 meter in length cable. Under these conditions, the capacity of the coaxial cable act as C0 and the conditions of the pumping can be optimized by changing of the length of the coaxial cable. The average laser power of the laser with the coaxial cable was ~ 350 mW under the mentioned conditions of the pumping, and relatively to the energy stored in C0 η ~ 2.2 %. The oscillograms of the pulses of the GDT voltage 2 and the lasing 3, the current 4 flowing through the switch during the charging of the storage capacitor and (inverted) the charge (5.1) and discharge (5.2) current 5 with the coaxial 2 meter in length cable are presented on Figure 3 . Under the similar conditions of the pumping using the coaxial ~ 1 m in length cable the efficiency of η ~ 2.8 % was occurred. This mode can be obtained at the less than 17 kHz PRR. The storage capacitor of ~ 1320 pF connected to the GDT through the coaxial 1 m in length cable was used for obtaining the self-heating mode at the 17 kHz PRR.
The further studies were carried out with the GDT of the gold vapor laser at the pressure of the buffer gas (Ne) of ~ 60 Torr. The discharge channel of the GDT is made of BeOceramic tube of 10 mm in inner diameter and 50 cm in length. The capacitor KVI-3 (C = 3300 pF) was used as the storage capacitor. The energy characteristics of lasing and the electro-physical parameters were measured at the PRR of the pumping of 12.5 kHz, the power consumption of the rectifier of ~ 1.2 kW and the voltage of Ur ~ 2.8 kV after the stabilization of the laser operating. The dependencies of the average laser power (λ = 627.7 nm) from the value of the peaking capacity and the efficiency of the pumping of the active medium from the energy stored in the peaking capacitor are presented on Figure 4 . Furthermore the increasing of the average laser power (Figure 4 , graph 2) after putting the induction Ld into the discharge circuit between the storage capacitor and the peaking capacitor (330 pF) was observed, due to there was the resonance charging of the peaking capacitor and the storage capacitor.
The energy parameters of the copper and gold vapor lasers was measured at the decreasing to zero of the current flowing through the switch after the charging of the capacitive components of the circuit (Figure 1 and Figure 2) . However, the increasing of the peaking capacitor (C0 ~ 220 pF) voltage of ~ 8 % (the energy stored in the peaking capacitor of ~ 17 %) results in the increasing of the average laser power by an factor of 2-3 times at the minimal value of the current flowing through the switch of ~ 20 A after the charging of the capacitive components of the circuit. It is obvious that these values of the current flowing through the switch allow the laser to operate in the energy input cut-off mode. Consequently, the efficiency of ~ 9-11 % and of ~ 5-6 % for the copper and gold vapor lasers operating in the energy input cut-off mode could be achieved. Fig. 4 . The dependencies of the average laser power (λ = 627.7 nm) from the value of the peaking capacity -1, the value of the inductance putted between the storage capacitor and the peaking capacitor -2 and the efficiency of the pumping of the active medium from the energy stored in the peaking capacitor -3.
There are need to be mentioned, that the energetic parameters of the copper and gold vapor lasers were measured at the source and load matching, that means the condition of the aperiodic discharge of the storage capacitor was fulfilled. Also the mismatch relatively to the energy input from the peaking capacitor was observed, that grows at the decreasing of the value of the peaking capacity in the copper and gold vapor lasers (Figure 2 The occurred researches confirm the possibility of the efficient pumping of the active medium of the LSTM and allow explain, according to the equivalent circuit [7] , the causes of the decreasing of the efficient pumping at the growth of the storage capacitor voltage. This decreasing is explained by the fact that the capacitive components of the circuit from the storage capacitor (at the preparatory stage) are charged at the shunting of the capacitive components of the anode-side cold buffer zone of the GDT and the overrating of the voltage of the breakdown voltage Ubr of the cold buffer zones. This determines the fact of the increasing of the amplitude of the GDT voltage Ua till the specified value Umax at the increasing of the storage capacitor voltage UC. The specified value Umax is determined by the charge input rate 1 (the rate of the increasing of the current flowing through the switch) from the storage capacitor into the capacitive components of the circuit and the charge output rate 2 (2 = f(Ua)) to anode of the GDT. It is obvious that the increasing of the voltage amplitude Ua is observed at 1 > 2 till value Umax at 1 = 2 and determines the optimal storage capacitor voltage Uopt at the specified experimental conditions, that allow obtain the most efficient pumping relatively to the energy stored in the storage capacitor. The charging of the capacitive components of the circuit from the storage capacitor occurs till the capacitive components (C, C0 and CGDT) voltage equalization, when UC ~ Umax. The further process is accompanied by the decreasing of the current flowing through the switch and the condition of 2 > 1 is fulfilled that determines the discharging of the GDT capacity. These processes are crucial for the population inversion generating in the active medium, due to during this period the features of the mentioned tube design better appear. The high-conductive (ne ~ 10 13 см -3 ) active medium, the discharge ceramic channel and the reverse current wire constructively are the capacitor CGDT, one plate of which is the active medium. The feature of this is that the plasma, according to the definition, is quasineutral and an excess charge cannot accumulate in the plasma during the charging of the capacitive components. Consequently, an excess charge should be placed on the plasma surface, i.e. at the inner wall of the discharge ceramic channel. The potential difference between the plates of the capacitor occurs during CGDT charging, but the plasma is still under the same potential, that prevents the pumping of the active medium during this period, that confirm the experimental research [10] . The charge transfer to the anode during the charging of the capacitive components determines the phantom current Iph, which maximum value can be ~ 60-70 % relatively to the peak value of the circuit current. [7, 10] . The CGDT charging occurs after the charging of the capacitive components from the storage capacitor discharging, the potential difference on the active medium occurs, that determines the pumping process. This process, called in [10] the "breakdown" and in [8] the "pseudobreakdown", is determined by the fact that the discharging of CGDT occurs not through the active medium and can be considered as the diffusion of electrons through the surface of the discharge ceramic channel to the anode through the cold buffer zone [11] , that determines the sharp front of the pulse of the pumping. Wherein the significant share of the energy EL = L(Iph) 2 /2 accumulated in the inductance L almost does not contribute to the population inversion generation, due to the period of the discharging of the storage inductance into the active electrical consumer is ~ L/R and, consequently, the storage inductance is ineffective at the typical of LSTM the high plasma conduction.
The energy consumption in the mentioned processes was studied in [10] . The inductance of the discharge circuit of the laser, according to the oscillograms from [10] , of ~ 1.1·10 -6 H. The GDT voltage amplitude is ~ 10 kV and the phantom current amplitude is ~ 600 A. The energy stored in the peaking capacitor at the moment of the breakdown under these conditions is EC0 ~ 0.16 J, in the circuit inductance is EL ~ 0.19 J and in the storage capacitor is EC b ~ 0.35 J. Due to the fact that in [10] the full set of the necessary information for the energy consumption calculating was not presented the further calculations will be based on the indirect estimates. The estimation CGDT of ~ 0.6 nF was based on the fact that the condition EC0 + EGDT = EL should be fulfilled at the moment of the breakdown. The total energy stored in the reactive components of the circuit (EC b + EC0 + EGDT + EL) is ~ 60% relatively to the energy initially stored in the storage capacitor, what determines the significant energy consumption of the charge displacement operation during the charge process of the circuit capacitive components from the storage capacitor and determines the high initial energy losses in the switch [3] . Consequently, the consumed power by the laser should be ~ 8 kW at the PRR of the lasing of 6.5 kHz, and the efficiency of ~ 0.5 % at the average laser power of ~ 40 W or 3.3% relatively to the energy (EC0 + EGDT), that determines the pumping of the active medium.
The mentioned above estimates explain the causes of the insignificant increasing of the efficiency of the pumping of the LSTM using the modulation lamps, like GMI-29, as the switch [3] . In this case, there is the decreasing of the energy losses (if the energy input is cut-off at the moment of the breakdown) by the value EC b or ~ 30% relatively to the energy stored in the storage capacitor. In fact, it is impossible to technically realize the excluding of the energy input into the active medium at the moment of the breakdown using the modern switches, because in this case there should be the voltage U = -L(dI/dt) that is determined by the current break that significant exceeds the possible voltage value of the switch. For this reason, the pumping of the active medium of the LSTM occurs using the modulation lamps connected with the GDT from the storage capacitor through the 10 m in length cable acting as the long line and the peaking capacitor C0. The charging of the long line occurs from the storage capacitor when the lamp opens for t ≤ 50 ns. Then the charging of CGDT and C0 occurs and the further processes are identical to the mentioned above.
Conclusion
The carried out researches confirm the possibility of the gas discharge pumping of the LSTM with the predicted efficiency and allow evaluate the technical solutions operating in the "increased" energy input mode. The general approach to solving of this problem -is the resonance charging of the circuit capacitive components with the further discharging of them into the active medium, what can be done, at least, by the two ways. The first was studied in [12] where the discharging of the storage capacitor by the high-rate switch through the active medium of the GDT, which electrodes are placed in the hot zone of the discharge channel, was proposed. The second is suitable for the pumping of the active medium of the GDT, which electrodes are placed in the cold buffer zone. This approach of the pumping can be realized using the managed switch that should be closed after the resonance charging (by the putting of the additional inductance into the circuit between the storage capacitor and the peaking capacitor) C0 and CGDT from the storage capacitor. For realizing this condition there are need to be the additional switch putted in the anode-side zone of the circuit, which should be opened after charging C0 and CGDT, when the current flowing through the switch decreases to zero. This condition can be realized using the kiwotron [13, 14] as the additional switch.
The carried out researches demonstrate the possibility of the increasing of the efficiency of the pumping of the active medium of the LSTM due to the decreasing of the energy consumption of the population inversion generation. However, the energy consumption of the population inversion generation is not the main factor that determines the energy characteristics of the LSTM. Now it is well known, that the main cause of the limiting of the output characteristics of the LSTM is the high rate of the de-excitation of the laser levels by the stepwise ionization [15] [16] [17] , that limits the population of the resonance levels [18] and, consequently, the energy output [16] . The population inversion value under these conditions is totally determined by the processes of the excitation the lower laser levels during the front pulse of the pumping and by the processes of their de-excitation during the inter-pulse period, and the increasing of the average laser power is possible due to the increasing of the pulse repetition rate (PRR) of the lasing. Consequently, the energy output is determined by the electro-physical process in the discharge circuit of the LSTM, which determines the need for further research. The interpretation difficulty of the research results of the electro-physical processes in the discharge circuit of the laser is determined by the fact that the electrical circuit includes plasma object, in which the processes were not studied until now, particularly, the processes in the cold buffer zones. That determines the need for the further detail research of the electro-physics and the physics of the pulse period gas charge. However, the carrying out this research is expediently if there is the potential possibility of the increasing of the frequency-energy characteristics of the LSTM. The mentioned above estimates, which demonstrate that the energy consumption of the population inversion generation in the laser [10] at the energy output of ~ 3-4 μJ/cm -3 can be decreased by a factor of 4 without changing the parameters, determine the continuation of the research. Thus, there is the potential possibility of the increasing of the PRR of the lasing to ~ 26 kHz and the average laser power to ~ 160 W, what confirms the research results [14] . Wherein the average laser power can be increased due to the optimization of the parameters of the pumping to ~ 500-800 W, because the energy output value can be ~ 20 μJ/cm -3 at the GDT voltage of 10 kV.
